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of Nv-bark: The oosome does not form properly, and germ plasm material remains bound to the 4 0 5 posterior cortex of the embryo, leading to the association of the syncytial nuclei at random 4 0 6 posterior locations ( Fig. 6C1-C4 ). The same set of phenotypes is observed when we knock down 4 0 7
Nv-rrm with eRNAi ( Fig. 6D1-D4) . Thus, three genes with very different predicted functions all 4 0 8 result in the same phenotype.
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It is important to note at this point that the common phenotype of the above three seen for Nv-osk, Nv-vas, and Nv-aubergine (Nv-aub) . When these genes are knocked down, accumulation of germ plasm markers is ever observed at the posterior [35, 40] . This indicates 4 1 4 that these transcripts are involved in the specific form of the oosome, but may not be essential for Finally, despite the fact that the oosome does not form or migrate through the embryo as 4 1 7 in wildtype, a bud like protrusion similar to the one that initiates pole cell formation is regularly material. This indicates that neither the oosome, nor its remnants, induce the bud, and that bud 4 2 0 formation may be autonomous to the embryo. This has some precedent in Drosophila, where the 4 2 1 autonomous ability of the fly embryo to produce pole-cell like structures at both poles of the 4 2 2 embryo is revealed when Arf guanine exchange factor Steppke is reduced [72] . However, in the (primarily germ-cell-less), while in Nasonia, at least the initial budding appears to be germ plasm 4 2 5 independent.
2 1 differential expression. These analyses agreed on the vast majority of the genes with putative 4 5 1 significantly different enrichment at the two poles, and most of the disagreement was at the 4 5 2 margin of differential expression that would be likely biologically significant. In addition, all 4 5 3 analyses found genes previously identified to be localized anteriorly or posteriorly. We even 4 5 4 detected all known genes with both strong oosome localization and strong localization at the 4 5 5 anterior pole. We thought these could be missed, because if the anteriorly localized mRNA 4 5 6 population approached the same levels as that in the oosome, the enrichment might be obscured. For these reasons, we believe that we have uncovered the vast majority of mRNAs 4 5 8 localized to the Nasonia oosome. Of course, no approach can guarantee comprehensiveness, and 4 5 9 some molecules may have been missed for several reasons. For example, while the Nasonia 4 6 0 genome is well annotated, it is possible that a very few genes are not represented in the genome 4 6 1 assembly or the transcriptome annotations, and thus would not have been assessed. Indeed, we 4 6 2 did identify slightly different sets of genes when using NCBI annotation 102 versus the OGS 2.0 4 6 3 annotation [49], which were created using different approaches to identify and predict genes. Most of the differences are at the margins of significance and low levels of differential 4 6 5 expression. However, there are a handful of confirmed localized transcripts detected using this experiment resulted in generally poor sequencing results, and a completely unusable genes were not found to be significant. However, all of the molecules whose functions were 4 8 2 analyzed in this manuscript were found to be statistically significantly enriched at the posterior, including Nv-coronin, and we proceeded to clone them to test their localization and function. In significant. Thus, there is a potential for false negatives if this artifact affects several genes.
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Very few transcripts in the "not tested" category show a similarly strong posterior enrichment, so independently confirmed by in situ hybridization that it is expressed uniformly throughout the regulating the orientation centrosome separation at the posterior pole, which is required for 5 3 2 efficient pole cell formation and uptake polar granules by the pole cells [78] . At the molecular Torso signaling at the termini in the wasp [79] , making the need for Gcl redundant. At the 5 3 6 moment, it is not clear whether the use of Gcl in pole cell formation is a recent novelty in
Drosophila, or whether it was present ancestrally, but lost in the Hymenopteran lineage. A number of transcripts found in the Nasonia oosome are good candidates for generating conserved feature of germ plasm and PGCs across animals [80, 81] . In Drosophila, the long Osk and between cells in Drosophila [83] , and we propose that Nasonia Milton plays a role in insect species that lack the specialization of long Osk isoform.
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Another critical function for germ cells is the control of transposable elements, which is the activity of transposable elements [52, 53, 84] . The presence of these additional Tudor of other insects should help to resolve these questions. difference is related to their pluripotent stem cell-like properties, and to the requirements of their 5 6 0 migratory properties [85, 86] . Potentially related to this we have found that a Nasonia insulin-5 6 1 like growth factor I mRNA is localized to the oosome. Interestingly, this mRNA encodes a short 5 6 2 protein that shows much stronger similarity to insulin proteins of vertebrates, than it does to any Facilitator Superfamily (MFS) domain is strongly localized to the oosome. Such molecules are 5 6 6 crucial for regulating cellular metabolism and signaling at multiple levels, by controlling the 5 6 7 trafficking of many small organic molecules (including sugars) within and between cells [87, 88] .
Lipid metabolism is also uniquely regulated in germ cells, and the identification of the Nasonia 5 6 9 homolog of the Acyl-CoA reductase waterproof may reflect this [89] . Finally, we surprisingly
found a transcript encoding a protein similar to endoglucanases found in several insect lineages (but absent from Diptera). Enzymes of this type are broadly defined by their ability to break 5 7 2 down polymers glucose. The substrate and potential role for this enzyme in the germline is not In addition to providing insight into the conserved functions of germ cell components, we
also found several molecules that do not have clear homology outside of the Hymenoptera, or in some cases outside of Nasonia and its closest relatives. This includes a novel RNA recognition domain containing protein whose function we analyzed in depth (Nv-rrm discussed in the following section). We also found that an mRNA encoding an ankyrin domain protein (Nv- OoCLANK (LOC100679945)) that belongs to a family of proteins that underwent a massive Early in our analysis we chose a handful of transcripts for functional analysis. These were 5 8 7 chosen based on a combination of criteria that included high enrichment in the oosome, novelty, clumps of material [35] . These phenotypes indicate these genes are involved in the coalescence of the oosome into for any of these three genes. Nasonia Bark is a putative transmembrane protein and would be 6 0 3 predicted to be targeted to the membrane. One potential hypothesis is that Nasonia Bark is 6 0 4 targeted to the membrane at the posterior pole of the embryo, releases and/or repels oosome 6 0 5 material from adhering to the plasma membrane, forcing the oosome to remain in the bulk 6 0 6 cytoplasm where it concentrated into a large sphere and moved around by strong cytoplasmic 6 0 7 flows that occur during the earliest cleavages. This model would also imply that interaction with 6 0 8 the cortex prevents oosome material from coalescing, leading to the scattered clumps we observe 6 0 9
in Nv-bark knockdowns. Mechanistically, this could be related to the ability of Bark to induce An alternative hypothesis is that Nasonia Bark produced in the oosome is not secreted but oosome. This is consistent with the structure of the protein, which contains main protein-protein 6 1 5 interaction domains of different types [45, 46] . Testing these hypotheses will require in depth analysis of the subcellular localization of Nasonia Bark during early embryogenesis, and 6 1 7 proteomic analysis of binding partners of Nasonia Bark.
The role of Nv-anillin in maintaining the stability of the oosome was also surprising and 6 1 9 the molecular basis of the phenotype will require further investigation. Anillin orthologs are well formed in Nasonia, RNAi showed that this protein has an earlier role in oosome 6 2 5 assembly/maintenance (Fig. 6 C1) . Similar to Nasonia Bark, one possible function of Nasonia
Anillin is as a structural component of the oosome, which may or may not be related to its ability 6 2 7
to bind actin and associated proteins. Alternatively, Nv-anillin may act to release and/or repel the 6 2 8
oosome from the cortex, as proposed above for Nv-bark. germ plasm from the embryonic plasma membrane. In Drosophila, the germ plasm is tightly 6 3 2 bound to the plasma membrane until the nuclei reach the posterior pole of the embryo. The centrosomes associated with these nuclei mediate detachment of the pole plasm from the cortex 6 3 4 through interactions of the astral microtubules emanating from the centrosomes [92] . This is in 6 3 5 contrast to Nasonia, where the oosome detaches from the cortex at about the same time as the 6 3 6 zygotic nucleus begins its first division at the anterior pole. While nuclei are lacking at this time,
numerous centrosomes are present, as they are provided maternally in a process characteristic of 6 3 8 many Hymenopteran embryos [93] . Nasonia Anillin could be relevant to a model where astral will be required to completely understand its role in maintaining the oosome. Based on the presence of only RNA recognition motifs in the protein, we predict that Nv-
rrm will have one of two likely roles. One possibility is that it is involved in translational 6 4 6 regulation of key regulators of oosome structure, presumably including Nasonia Anillin and 6 4 7 Nasonia Bark. Alternatively, Nv-rrm may be important in binding RNA and protein in order to 6 4 8 maintain the structural integrity of the oosome. In addition, neither of these possibilities is 6 4 9 mutually exclusive.
The knockdowns of Nv-coronin and Nv-innexin1 had specific effects only on the likely that Nasonia Coronin has an important role in organizing an actin cytoskeleton arrangement specialized for the formation of the large polar bud that initiates pole cell formation. paralogous protein with a similar structure to Nasonia Innexin1) in the beetle Tribolium has a 6 5 9 novel role in cellularization of the syncytial blastoderm. Such a function for Nasonia Innexin1 6 6 0 would explain the failure in pole cell formation we see after RNAi. This work has revealed numerous unexpected mRNAs that are localized to the germ plasm of the wasp Nasonia. The results have given insights on the potentially ancestral mechanisms used by Milton orthologs to bring mitochondria to the germ plasm, a function replaced by the long Osk 6 6 7 isoform in Drosophila. On the other hand, our results have identified numerous components that 6 6 8 are likely to be specific to Nasonia and its relatives in the parasitic wasp lineage (e.g., Nv-
OoCLANK, Nv-rrm, and the use of Nv-Bark and Nv-Anillin in assembling the oosome). Deeper
analyses of the functions of these molecules in Nasonia, and broader sampling of germ plasm in
other holometabolous insects will be required to determine the patterns of evolutionary change in 6 7 2 the germ plasm. Such analyses will be important because the germ plasm is a uniquely powerful
organelle that can rapidly drive naive nuclei into a highly specialized, yet functionally totipotent
state. Understanding how and why such a fundamental substance changes and is even lost in the course of evolution will provide foundational insights into the mechanisms of cell fate determination and the interaction of subcellular organelles and their cellular milieu. The embryos were aligned with the anterior pole to the right on the ice-prechilled and 6 8 5 heptane glue-coated slide. Then a thin layer of halocarbon oil 700 (Sigma) was applied to cover 6 8 6 the embryos. The slide was transferred on the dry ice-prechilled "guillotine" and then was annotation 102 of assembly 2.1 of the N. vitripennis genome . P a n J , 
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